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Abstract
We present a precise analysis of the Higgs mass corrections stemming from vectorlike top partners
in supersymmetric models. We reduce the theoretical uncertainty compared to previous studies in
the following aspects: (i) including the one-loop threshold corrections to SM gauge and Yukawa
couplings due to the presence of the new states to obtain the DR parameters entering all loop
calculations, (ii) including the full momentum dependence at one-loop, and (iii) including all two-
loop corrections but the ones involving g1 and g2. We find that the additional threshold corrections
are very important and can give the largest effect on the Higgs mass. However, we identify also
parameter regions where the new two-loop effects can be more important than the ones of the
MSSM and change the Higgs mass prediction by up to 10 GeV. This is for instance the case in
the low tanβ, small MA regime. We use these results to calculate the electroweak fine-tuning of
an UV complete variant of this model. For this purpose, we add a complete 10 and 10 of SU(5)
to the MSSM particle content. We embed this model in minimal Gauge Mediated Supersymmetry
Breaking and calculate the electroweak fine-tuning with respect to all important parameters. It
turns out that the limit on the gluino mass becomes more important for the fine-tuning than the
Higgs mass measurements which is easily to satisfy in this setup.
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I. INTRODUCTION
The discovery of the Higgs boson with a mass of about 125 GeV [1, 2] has a strong
impact on the parameter range of supersymmetric (SUSY) models, especially as its mass
value is turning into a precision observable with an uncertainty below 1%. In particular, in
constrained versions of the Minimal Supersymmetric Standard Model (MSSM) large regions
of the parameter space are not consistent with this mass range [3]. This is in particular
the case for models where SUSY breaking is assumed to be transmitted from the hidden to
the visible sector via gauge interactions like in minimal Gauge Mediated SUSY Breaking
(GMSB). Even relaxing the predictive boundary conditions of a constrained model and
considering the phenomenological MSSM with many more parameters at the SUSY scale, it
is still rather difficult to find regions with the correct Higgs mass. Either, a very large mixing
in the stop sector or heavy stop masses are needed to push the Higgs mass to the desired
range [4–18]. However, the large stop mixing with light stops turns out to be dangerous
because of charge and colour breaking minima [19–23]. On the other side, very heavy stops
introduce again a hierarchy problem which SUSY was supposed to solve. The question about
naturalness and fine-tuning is even more pronounced in regions the small tan β region which
recently gained some interest because of Higgs fits [15–17]: in these regions the tree-level
Higgs mass is suppressed by a factor cos(2β) and even much bigger loop corrections are
needed than for larger values of tan β.
A widely studied ansatz to solve this tension and to reduce the necessary fine-tuning in
SUSY models is to enhance the Higgs mass already at tree-level. For this purpose models are
considered which give new F - [24–32] or D-term contributions to the Higgs mass [33–39].
The fine-tuning in these models is often better by a few orders compared to the MSSM.
Alternatively, one can also consider models which give new loop-corrections due to the
presence of additional large couplings to push the Higgs mass. This happens for instance
in inverse-seesaw models [40, 41] or models with vector-like quarks [42–53] at the one-loop
level, or in models with trilinear R-parity violation at the two-loop level [54]. We are going
to concentrate here on models with vectorlike tops partners. In these models, the effects on
the Higgs mass have been so far just studied in the effective potential approach at one-loop.
Also a careful analysis of the threshold corrections to the standard model (SM) gauge and
Yukawa couplings has been not performed to our knowledge so far. However, it is well known
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from the MSSM that the SUSY threshold corrections and one-loop momentum dependent
effects can alter the Higgs mass by several GeV [55]. Of course, also two-loop corrections
involving coloured states are crucial in the MSSM and it wouldn’t be possible to reach a
mass of 125 GeV without them [56–69]. As soon as the Yukawa-like interactions of the new
(s)tops become large, one should expect that effects of a similar size than in the MSSM
sector appear. Therefore, we make a careful analysis of all three effects: we calculate the
full one-loop threshold corrections to get an accurate prediction of the running gauge and
Yukawa couplings at the SUSY scale, we include the entire dependence of external momenta
at the one-loop level, and we add the all two-loop corrections which are independent of
electroweak gauge couplings. In this context, all calculations are performed within the
SARAH [70–75] – SPheno [76, 77] framework which allows for two-loop calculations in SUSY
models beyond the MSSM [78, 79]. The obtained precision is comparable to the standard
calculations usually employed for the MSSM based on the results of Refs. [65–69].
Finally, we extend the particle content to have a complete 10 and 10 of SU(5) in addi-
tion to the MSSM particle content to get a model which is consistent with gauge coupling
unification. This model has already been studied to some extent after embedding it in min-
imal supergravity or GMSB [49, 80, 81]. We choose here the variant where SUSY breaking
is transmitted via gauge mediation and check for the first time for the fine-tuning in re-
gions which are consistent with the Higgs measurements. We show that this gives usually
a fine-tuning which can easily compete with other attempts to resurrect natural GMSB by
including non-gauge interactions between the messenger particles and MSSM states [82–92].
This manuscript is organized as follows. We first introduce the minimal SUSY model with
vectorlike top partners as well as the UV complete variant embedded in GMSB in sec. II.
In sec. III we summary briefly the main features of the tree-level masses before we explain
in large detail the calculation of the one- and two-loop corrections. The numerical results
are given in secs. IV and V. In sec. IV we discuss the impact of the different corrections at
one- and two-loop on the SM-like Higgs mass using a SUSY scale input, before we analyse
in sec. V the fine-tuning of the GMSB embedding. We conclude in sec. VI.
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II. THE MSSM WITH VECTORLIKE TOPS
A. The minimal model
SF Spin 0 Spin 12 Generations (U(1)⊗ SU(2)⊗ SU(3))
Qˆ q˜ q 3 (16 ,2,3)
Lˆ l˜ l 3 (−12 ,2,1)
Hˆd Hd H˜d 1 (−12 ,2,1)
Hˆu Hu H˜u 1 (12 ,2,1)
Dˆ d˜∗R d
∗
R 3 (
1
3 ,1,3)
Uˆ u˜∗R u
∗
R 3 (−23 ,1,3)
Eˆ e˜∗R e
∗
R 3 (1,1,1)
Tˆ ′ t˜′
∗
t′∗ 1 (−23 ,1,3)
ˆ¯T ′ ˜¯t′∗ t¯′∗ 1 (23 ,1,3)
We extend the particle content of the MSSM by a pair of right-handed vectorlike quark
superfields Tˆ ′ and ˆ¯T ′. The particle content of the model and the naming conventions for all
chiral superfields and their spin-0 as well as 1
2
components are summarized in Tab. IIA. In
addition, we have the usual vector superfields Bˆ, Wˆ , Gˆ which carry the gauge bosons for
U(1)Y × SU(2)L × SU(3)C as well as the gauginos λB, λW , λG. The full superpotential for
the model reads:
W = Y ije LˆiEˆjHˆd + Y
ij
d QˆiDˆjHˆd + Y
ij
u QˆiUˆjHˆu + µ HˆuHˆd + Y
i
t′QˆiTˆ
′Hˆu +MT ′Tˆ ′ ˆ¯T ′ +mit′Uˆi
ˆ¯T ′
(1)
Here, we skipped colour and isospin indices. The Yukawa couplings Ye, Yd and Yu are in
general complex 3×3 matrices. The new interaction Yt′ is a vector, but we concentrate only
on cases where the third component Y 3t′ has non-vanishing values. To simplify the notation,
we define therefore
Y 3t′ ≡ Yt′ (2)
When we speak about the top-Yukawa coupling Yt, we refer to Y 33u .
The dimensionful parameters in the superpotential are the µ-parameter known from the
MSSM, as well as the mass term MT ′ for the vectorlike top quark superfields, and a bilinear
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term mt′ mixing the new states and the MSSM ones even before electroweak symmetry
breaking (EWSB).
The soft-SUSY breaking terms for the model are
−L =(T ije l˜ie˜jHd + T ijd q˜id˜jHd + T iju q˜iu˜jHu +BµHdHu + T it q˜it˜′Hu +BT t˜′˜¯t′ +Bitu˜i˜¯t′ + h.c.)
+m2u,iju˜
∗
i u˜j +m
2
d,ij d˜
∗
i d˜j +m
2
q,ij q˜
∗
i q˜j +m
2
e,ij e˜
∗
i e˜j +m
2
l,ij l˜
∗
i l˜j +m
2
Hd
|Hd|2 +m2Hu |Hu|2
+m2t˜′ |t˜′|2 +m2˜¯t′ |˜¯t′|2 + (m2ut˜′u˜∗i t˜′ + h.c.) + (M1λBλB +M2λWλW +M3λGλG + h.c.)
(3)
In general, the T - and B- parameters are complex tensors of appropriate dimension, while
the mass soft-terms for scalars are hermitian matrices, or vectors or scalars. The gaugino
mass terms are complex scalar. However, we are going to neglect CP violation in the soft-
sector, i.e. all parameters are taken to be real. For the trilinear soft-term of Yt′ we use a
similar short-hand notation T 3t′ ≡ Tt′ in the following.
B. UV completion and fine-tuning
1. Gauge coupling unification
If we just include the right-handed top superfields, the model is not consistent with gauge
coupling unification. To cure this problem, additional fields have to be added. The minimal
choice is to add a pair of complete 10-plets under SU(5) which contain the states we are
interested in, but also vectorlike left-handed quarks (Q′, Q¯′) and vector-like right-handed
leptons (E ′, E¯ ′). To generate mass terms for all components of the 10 and 10, the following
extension of the superpotential is needed:
∆W = MQ′Qˆ
′ ˆ¯Q′ +ME′Eˆ ′ ˆ¯E ′. (4)
Here, the Q-fields have quantum numbers (1
6
,2,3), (−1
6
,2, 3¯), while the vector-like leptons
Eˆ ′, ˆ¯E ′ carry quantum numbers (±1,1,1) with respect to U(1)Y × SU(2)L × SU(3)c. We
are going to assume that no further interactions between these additional states and the
MSSM sector are present, i.e. these particles are only spectators when calculating the SUSY
mass corrections. Nevertheless, because of their impact on the SUSY RGEs and also on the
threshold corrections to the SM gauge couplings they can play an important role. We can
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see this already at the one-loop RGEs of the gauge couplings for the minimal model and the
UV complete version:
β(1)g1 =
(
41
5
+
7
5
δUV
)
g31 (5)
β(1)g2 = (1 + 3δUV ) g
3
2 (6)
β(1)g3 = (−2 + 2δUV ) g33, (7)
where we parametrized the β function as
βgi ≡
1
16pi2
β(1)gi +
1
(16pi2)2
β(2)gi + . . . (8)
For δUV = 0 we obtain the minimal model, while δUV = 1 describes the UV complete version.
In Fig. 1 the re-established gauge unification can be observed. The one-loop β functions of
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FIG. 1. Running of the gauge couplings (α−1i (Q), i = 1, 2, 3, at 1-loop). The dashed lines belong to
the minimal vectorlike top model and the full lines to the UV-completed model. The dotted lines
represent the SM-only running up to MSUSY = 1500 GeV.
the Yukawa couplings are the same in both model variants and read
β
(1)
Yd
= Yd
(
3Y †d Yd + Y
†
uYu + 3Tr
(
YdY
†
d
)
− 16
3
g23 − 3g22 −
7
15
g21 + Tr
(
YeY
†
e
))
+ Yt′,i2
(
YdY
∗
t′
)
i1
(9)
β
(1)
Ye
= 3YeY
†
e Ye + Ye
(
3Tr
(
YdY
†
d
)
− 3g22 −
9
5
g21 + Tr
(
YeY
†
e
))
(10)
β
(1)
Yt′,i1
=
(
3Y Tu Y
∗
u + 3Tr
(
3YuY
†
u
)
+ Y Td Y
∗
d + 6
(
Yt′Y
∗
t′
)
− 13
15
g21 − 3g22 −
16
3
g23
)
Yt′,i1 (11)
β
(1)
Yu
= 3Yt′,i2
(
YuY
∗
t′
)
i1
+ Yu
(
3Y †uYu + Y
†
d Yd + 3Tr
(
YuY
†
u
)
+ 3
(
Yt′Y
∗
t′
)
− 13
15
g21 − 3g22 −
16
3
g23
)
(12)
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FIG. 2. This plot shows the scale MC at which the Landau pole arises as a function of Yt′ . The red
lines are for the minimal model, the blue lines for the UV complete version. For the dotted lines
we used tanβ = 10, for the full ones tanβ = 60.
We can use these RGEs to make a quick check for the cut off-scale of the theory in
the limit of very large Yt′ . For this purpose, we fix at MSUSY = 1.5 TeV the SM gauge
couplings as gi = (0.47, 0.64, 1.05), and consider only third generation Yukawa couplings
Y 33j =
√
2/246 · (1.8/ cos β, 2.4/ cos β, 160/ sin β) with j = e, d, u. Of course, this is a very
simplistic setup missing many details like two-loop effects in the running and threshold
corrections. These effects will be included in our numerical analysis. Nevertheless, one can
already see in Fig. 2 that the cut-off scale MC at which the Landau pole arises, given as a
function of Yt′ , is pushed towards higher scales in the UV complete version.
The additional soft-terms which appear because of the extended particle content are the
following:
−∆L = m2e˜′ |e˜′|2 +m2˜¯e′|˜¯e′|2 +m2q˜′|q˜′|2 +m2˜¯q′|˜¯q′|2 + (m2ee˜′ e˜∗i e˜′ +m2qq˜′ q˜∗i q˜′ + h.c.) (13)
We can now embed the UV complete version in a constrained setup to relate the SUSY
breaking parameters. We are going to choose the setup of gauge mediated SUSY breaking
(GMSB) which we introduce now briefly.
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2. Gauge mediated SUSY breaking and boundary conditions
The mediation of the SUSY breaking from the secluded to the visible sector happens in
GMSB by messenger particles charged under SM gauge groups. The minimal model provides
a pair of 5-plets under SU(5) which don’t have any interaction with the MSSM sector but
due to the gauge couplings. The necessary ingredients to break SUSY are the interaction of
the messengers, called Φ, Φ¯, and a spurion field S described by
W = λSΦΦ¯ . (14)
S is a gauge singlet and acquires a vacuum expectation value (VEV) along its scalar and
auxiliary component due to hidden sector interactions, which we leave here unspecified
〈S〉 = M + Θ2F . (15)
The coupling λ of eq. (14) can be absorbed into the redefinitions of M ≡ λM and F ≡ λF .
With these conventions, we find that the fermionic components of the messengers have a
mass M , while the scalars get masses
φ˜+,− =
1√
2
(
φ˜M ± ˜¯φM
)
, m+,− =
√
M2 ± F . (16)
This gives the condition M2 > F . The soft breaking masses of the MSSM fields are gener-
ated via loop diagrams involving the messenger particles. The gauginos receive masses Mλ˜
at one-loop level while the scalar masses m2
f˜
are generated at the two-loop. The leading
approximations for the soft breaking masses are
Mλ˜i(t) =
αi(t)
4pi
ΛG , m
2
f˜i
(t) = 2
3∑
r=1
Cr(f˜)
α(t)2r
16pi2
Λ2S (17)
αi(t) = g
2
i /(4pi) are the running coupling constants at the scale t and Cr is the Casimir of
the representation r. The SUSY soft breaking scales ΛG and ΛS depend on F and M as
follows:
ΛG =
F
M
g
(
F
M
2)
, Λ2S =
F 2
M2
f
(
F
M2
)
(18)
with
g(x) ' 1 + x
2
6
+
x4
15
+
x6
28
+O(x8) , f(x) ' 1 + x
2
36
− 11x
4
450
− 319x
6
11760
+O(x8) . (19)
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It is convenient to define
Λ ≡ F
M
(20)
For F M2 this leads to ΛG = ΛS = Λ. Applying the general results to our (UV complete)
model, we have the following boundary conditions at the messenger scale M for the scalar
soft masses
m2l,jj = m
2
Hu = m
2
Hd
=
(
3
10
g41 +
3
2
g42
)
Λ2S (21)
m2q,jj = m
2
q˜′ = m˜¯q′ =
(
1
30
g41 +
3
2
g42 + g
4
3
)
Λ2S (22)
m2u,jj = m
2
t˜′ = m˜¯t′ =
(
8
15
g41 +
8
3
g43
)
Λ2S (23)
m2e,jj = m
2
e˜′ = m˜¯e′ =
6
5
g41Λ
2
S (24)
m2d,jj =
(
2
15
g41 +
8
3
g43
)
Λ2S (25)
with j = 1, 2, 3. All off-diagonal entries are staying zero at the messenger scale. For the
gaugino mass terms, we have the MSSM results
Mi = g
2
i ΛG (26)
while all other soft-terms vanish up to two-loop
Tx =0 x = d, u, e, t
′ (27)
BX =0 X = Q
′, E ′, T ′ (28)
m2ut˜′ = m
2
qq˜′ = m
2
ee˜′ = Bt =0 (29)
(30)
Furthermore, we assume that the bilinear mass terms for the vector states unify at the
messenger scale
MT ′ = MQ′ = ME′ ≡MV ′ (31)
We make no attempt to explain the size of µ or Bµ in this setup. There are several proposals
how these parameters receive numerical values needed for phenomenological reasons [93–95].
We take it as given that one of these ideas is working and calculate the µ and Bµ from the
vacuum conditions. Similarly, we are also agnostic concerning the cosmological gravitino
problem usually introduced in GMSB by the Gravitino LSP and possible solutions for it
9
[96–102].
Thus, our full set of input parameters in this setup is
M , Λ , tan β , MV ′ , Yt′ (32)
3. Fine-tuning
Fine-tuning addresses the question how to quantify if a model and a particular parameter
point is natural or not. For this purpose, different measures are proposed to calculate the
fine-tuning (FT). We are using the measure for the electroweak fine-tuning introduced in
Refs. [103, 104]
∆FT ≡ maxAbs
[
∆α
]
, ∆α ≡ ∂ lnM
2
Z
∂ lnα
=
α
M2Z
∂M2Z
∂α
. (33)
In this setup, the sensitivity of the Z mass on the fundamental parameters at the UV scale
is calculated. α is a set of independent parameters at this scale and ∆−1α gives an estimate
of the accuracy to which the parameter α must be tuned to get the correct electroweak
breaking scale [105]. The smaller ∆FT , the more natural is the model under consideration.
We use the messenger scale M in GMSB as a reference scale and calculate the FT with
respect to
α = {Λ, MV ′ , Yt′ , Yt, g3, µ, Bµ}. (34)
The practical calculation of the FT in our numerical calculation works as follows: we vary
these parameters at the messenger scale M and run the two-loop RGEs down to the SUSY
scale. At the SUSY scale, the electroweak VEVs are calculated numerically using the mini-
mization conditions of the potential and the resulting variation in the Z mass is derived.
III. THE MASS SPECTRUM OF THE MINIMAL MODEL
To get a good estimate of the fine-tuning by including the Higgs constraint, it is necessary
to reduce the theoretical uncertainty of the Higgs mass prediction. Our aim is to get the
same uncertainty as for the MSSM, namely to consider the Higgs mass in the range
mh = (125± 3) GeV (35)
10
This precision can only be reached if a full one-loop calculation is done, and the dominant
two-loop corrections are included. Since this has not been done before in literature for the
considered model, we discuss our calculation of the mass spectrum, in particular of the
threshold corrections and two-loop Higgs corrections, in detail.
A. Tree-level properties
When electroweak symmetry gets broken, the neutral Higgs states receive VEVs vd and
vu and split in their CP even and odd components:
H0d →
1√
2
(φd + iσd + vd) , H
0
u →
1√
2
(φu + iσu + vu) . (36)
We have tan β = vu
vd
and v =
√
v2d + v
2
u ' 246 GeV. Using these conventions, the tree-level
mass matrix squared for the scalar Higgs particles is the same as in the MSSM. It reads in
the basis (φd, φu)
m
2,(T )
h =
 18(g21 + g22)(3v2d − v2u)+m2Hd + |µ|2 −14(g21 + g22)vdvu −<(Bµ)
−1
4
(
g21 + g
2
2
)
vdvu −<
(
Bµ
)
−1
8
(
g21 + g
2
2
)(
− 3v2u + v2d
)
+m2Hu + |µ|2

(37)
This matrix is diagonalized by ZH :
ZHm2hZ
H,† = mdia2,h (38)
Two of the parameters in this matrix can be eliminated by the tadpole conditions for EWSB:
Td ≡ ∂V
∂φd
= −1
2
vu
(
Bµ +B
∗
µ
)
+
1
8
(
g21 + g
2
2
)
vd
(
− v2u + v2d
)
+ vd
(
m2Hd + |µ|2
)
= 0 (39)
Tu ≡ ∂V
∂φu
=
1
8
(
g21 + g
2
2
)
vu
(
− v2d + v2u
)
− vd<
(
Bµ
)
+ vu
(
m2Hu + |µ|2
)
= 0 (40)
We are going to solve these equations for the squared soft-masses m2Hd and m
2
Hu
when we
consider a SUSY scale input. That leaves three free parameters in the Higgs sector at tree-
level: tan β, µ and Bµ. The last one is related to the tree-level mass squared M2A of the
physical pseudo-scalar via
Bµ =
1
tan β + 1/ tan β
M2A (41)
However, when we consider the UV completion, m2Hd and m
2
Hu
are fixed at the SUSY scale
and we are going to solve the above equations (39) and (40) for µ and Bµ.
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Also, the mass matrices for the CP-odd and charged Higgs bosons, for down (s)quarks,
charged and neutral (s)leptons, as well as for neutralino and charginos are identical to the
MSSM. Only in the up (s)quark sector things change because of the additional top-like
states. The scalar mass matrix that links the left- and right-handed MSSM up-squarks and
the new vector-like states is given in the basis of
(
u˜L,i, u˜R,i, t˜′, ˜¯t′∗
)
by
m2u˜ =

mu˜Lu˜∗L · · ·
1√
2
(
vuTu − vdYuµ∗
)
mu˜Ru˜∗R · ·
1√
2
(
vuTt′ − vdµ∗Yt′
)
1
2
(
2
(
MT ′m
∗
t′ +m
2
u˜t˜′
)
+ v2uY
∗
u Yt′
)
mt˜′ t˜′∗ ·
1√
2
vu
(
M∗T ′Yt′ + Y
T
u m
∗
t′
)
B∗t′ B
∗
T ′ m˜¯t′∗˜¯t′
 . (42)
with the diagonal entries
mu˜Lu˜∗L = −
1
24
(
− 3g22 + g21
)
1
(
− v2u + v2d
)
+
1
2
(
2m2q + v
2
u
(
Y ∗t′ Yt′ + Y
†
uYu
))
(43)
mu˜Ru˜∗R =
1
2
(
2
(
m∗t′mt′ +m
2
u
)
+ v2uYuY
†
u
)
+
1
6
g211
(
− v2u + v2d
)
(44)
mt˜′ t˜′∗ =
1
2
(
2
(
m2t˜′ + |MT ′ |2
)
+ v2u|Yt′|2
)
+
1
6
g21
(
− v2u + v2d
)
(45)
m˜¯t′∗˜¯t′ =
(
m2˜¯t′ + |MT ′ |2 + |mt′ |2
)
+
1
6
g21
(
− v2d + v2u
)
(46)
This matrix is diagonalized by ZU :
ZUm2u˜Z
U,† = mdia2,u˜ (47)
and we have eight mass eigenstates called u˜i in the following. Similarly, in the fermionic
counterpart we choose the basis (uL,i, t¯′∗) /
(
u∗R,i, t
′∗
β2
)
. The mass matrix in this basis reads
mu =
 1√2vuY Tu 1√2vuYt′
mt′ MT ′
 . (48)
Here, we need two rotation matrices UuL and UuR to diagonalize this matrix,
Uu,∗L muU
u,†
R = m
dia
u . (49)
The four generations of mass eigenstates are called ui where the first three generations
correspond to the up, charm and top quark.
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B. Calculation of the Higgs masses at one- and two-loop
In this section we give details about the calculation of the Higgs masses at the one- and
two-loop level. We have performed all calculations with the combination of the software
packages SARAH and SPheno which automatize all relevant steps. There are three changes
compared to the calculation of the Higgs masses in the MSSM:
1. The new vectorlike states change the threshold corrections at MZ to derive the gauge
and Yukawa couplings in DR scheme from the measured SM couplings and fermion
masses. SARAH and SPheno applies and generalizes the procedure of Ref. [55] to make
this matching. We give more details about the main differences compared to the
MSSM in sec. III B 1.
2. At the one-loop level new contributions of O(αt′) arise. These corrections are widely
discussed in literature and are known to be able to give a push of many GeV to the
Higgs mass. While these corrections so far have just been calculated in the effective
potential approach, SARAH and SPheno perform the full one-loop corrections in a dia-
grammatic way including the dependence of the external momenta. This calculation
is again a generalization of the renormalization procedure presented in Ref. [55]. We
explain this calculation and the difference to the MSSM more detailed in sec. III B 2.
3. At the two-loop level, new corrections O(αt′(αS + αt + αb + αt′)) arise. The impor-
tance of these corrections was unknown up to now. However, with the generic results
of Ref. [106] for the two-loop effective potential implemented into SARAH [78], a nu-
merical derivation in analogy to Ref. [107] allows to obtain the two-loop self-energies
at vanishing external momentum for the scalars which get a VEV. Moreover, since
Ref. [79], a fully equivalent and diagrammatic calculation in the limit p2 = 0 can also
be performed by SARAH and SPheno. Both approaches are used to cross-check the
two-loop results. We give more details about this calculation in sec. III B 3.
1. Threshold corrections
The presence of additional vectorlike states change the relations between the running DR
parameters and the measured SM parameters. In the gauge sector, the relation between the
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SM couplings (MS scheme with five flavours) and the DR ones are
αDR(MZ) =
α(5),MS(MZ)
1−∆α(MZ) , (50)
αDRS (MZ) =
α
(5),MS
S (MZ)
1−∆αS(MZ) (51)
Here, α(5),MSS and α
(5),MS are taken as input and receive corrections from the top loops as
well as from new physics. For the minimal model, the thresholds read
∆α(µ) = α
2pi
(
1
3
− 16
9
∑4
i=3 log
mui
µ
− 4
9
∑8
i=1 log
mu˜i
µ
+ ∆αMSSM(µ)
)
(52)
∆αS(µ) =
αS
2pi
(
−2
3
∑4
i=3 log
mui
µ
− 1
6
∑8
i=1 log
mu˜i
µ
+ ∆αMSSMS (µ)
)
(53)
We absorbed all corrections which don’t change with respect to the MSSM in ∆αMSSMS (µ)
and ∆αMSSM(µ). Note, this does not include the up-squark sector, now consisting of 8
squarks, to prevent double counting. In the case of the UV complete model, additional
terms of the same form show up.
To relate α to the running couplings g1 and g2, the running Weinberg angle sin Θ and the
electroweak VEV in DR scheme are needed. Also here the vector-like tops enter because
of the new loop corrections to the mass shifts δM2Z and δM2W of the gauge bosons. The
corrections from the extended (s)top sector to the transversal self-energies are
∆ΠT,Z(p2) = +3
8∑
a=1
A0
(
m2u˜a
)
ΓZ,Z,u˜∗a,u˜a − 12
8∑
a=1
8∑
b=1
|ΓZ,u˜∗a,u˜b|2B00
(
p2,m2u˜a ,m
2
u˜b
)
+ 3
4∑
a=1
4∑
b=1
[(
|ΓLZ,u¯a,ub|2 + |ΓRZ,u¯a,ub|2
)
H0
(
p2,m2ua ,m
2
ub
)
+ 4B0
(
p2,m2ua ,m
2
ub
)
muamub<
(
ΓL∗Z,u¯a,ubΓ
R
Z,u¯a,ub
)]
(54)
∆ΠW,T (p2) = −12
8∑
a=1
6∑
b=1
|ΓW+,u˜∗a,d˜b|2B00
(
p2,m2
d˜b
,m2u˜a
)
+ 3
8∑
a=1
A0
(
m2u˜a
)
ΓW−,W+,u˜∗a,u˜a
+ 3
4∑
a=1
3∑
b=1
[(
|ΓLW+,u¯a,db|2 + |ΓRW+,u¯a,db|2
)
H0
(
p2,m2ua ,m
2
db
)
+ 4B0
(
p2,m2ua ,m
2
db
)
mdbmua<
(
ΓL∗W+,u¯a,dbΓ
R
W+,u¯a,db
)]
(55)
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with
H0(p,m1,m2) =4B22(p,m1,m2) +G0(p,m1,m2) , (56)
G0(p,m1,m2) =(p
2 −m21 −m22)B0(p,m1,m2)− A0(m1)− A0(m2) , (57)
B22(p,m1,m2) =
1
6
{
1
2
(
A0(m1) + A0(m2)
)
+
(
m21 +m
2
2 −
1
2
p2
)
B0(p,m1,m2)
+
m22 −m21
2p2
[
A0(m2)− A0(m1)− (m22 −m21)B0(p,m1,m2)
]
+m21 +m
2
2 −
1
3
p2
}
. (58)
The appearing vertices are given in appendix A 1. All other contributions are identical
to the MSSM and given for instance in Ref. [55]. With that information, v and sin2 ΘDRW are
calculated by
v2 =(M2Z + δM
2
Z)
(1− sin2 ΘDRW ) sin2 ΘDRW
piαDR
(59)
sin2 ΘDRW =
1
2
−
√
1
4
− piα
DR
√
2M2ZGF (1− δr)
(60)
Here, GF is the Fermi constant and δr doesn’t receive new corrections compared to the
MSSM (Expressions for δr can be found in [108]). Also here the spectator fields in the UV
complete version will show up in a similar way because their contributions don’t vanish even
in the limit that all superpotential and soft-breaking interactions of those are assumed to
vanish.
The running Yukawa couplings are also calculated in an iterative way. We concentrate on
the quark sector, because the leptons don’t get new contributions from the new vector-like
quarks at one-loop. This is also true for the UV complete model because these contributions
are proportional to the superpotential interactions which we assume to vanish for the E ′
and Q′ states. The starting point are the running fermion masses in DR obtained from the
pole masses given as input:
mDR,SMd,s,b =md,s,b
(
1− α
DR
S
3pi
− 23α
DR,2
S
72pi2
+
3
128pi2
gDR,22 −
13
1152pi2
gDR,21
)
(61)
mDR,SMu,c =mu,c
(
1− α
DR
S
3pi
− 23α
DR,2
S
72pi2
+
3
128pi2
gDR,22 −
7
1152pi2
gDR,21
)
(62)
mDR,SMt =mt
[
1 +
1
16pi2
(
∆m
(1),qcd
t + ∆m
(2),qcd
t + ∆m
(1),ew
t
)]
(63)
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with
∆m
(1),qcd
t = −
16piαDRS
3
(
5 + 3 log
M2Z
m2t
)
(64)
∆m
(2),qcd
t = −
64pi2αDR,2S
3
(
1
24
+
2011
384pi2
+
ln 2
12
− ζ(3)
8pi2
+
123
32pi2
log
M2Z
m2t
+
33
32pi2
(
log
M2Z
m2t
)2)
(65)
∆m
(1),ew
t = −
4
9
gDR,22 sin
2 ΘDRW
(
5 + 3 log
M2Z
m2t
)
(66)
The two-loop parts are taken from Ref. [109, 110]. The DR masses are matched to the
eigenvalues of the loop-corrected fermion mass matrices calculated as
m
(1L)
f (p
2
i ) = m
(T )
f − Σ˜S(p2i )− Σ˜R(p2i )m(T )f −m(T )f Σ˜L(p2i ) (67)
Here, the pure QCD and QED corrections are dropped in the self-energies Σ˜ because they
are already absorbed in the running DR masses. The self-energy contributions from the
extended (s)top sector to down-quarks are
Σd,Si,j (p
2) =
2∑
a=1
4∑
b=1
B0
(
p2,m2ub ,m
2
H−a
)
ΓL∗¯ˇdj ,H−a ,ubmubΓ
R
¯ˇdi,H
−
a ,ub
+
8∑
a=1
2∑
b=1
B0
(
p2,m2
χ˜−b
,m2u˜a
)
ΓL∗¯ˇdj ,u˜a,χ˜−b
mχ˜−b
ΓR¯ˇdi,u˜a,χ˜−b
− 4
4∑
b=1
(
+B0
(
p2,m2ub ,m
2
W−
))
ΓR∗¯ˇdj ,W−,ubmubΓ
L
¯ˇdi,W−,ub
(68)
Σd,Ri,j (p
2) = −1
2
2∑
a=1
4∑
b=1
B1
(
p2,m2ub ,m
2
H−a
)
ΓR∗¯ˇdj ,H−a ,ubΓ
R
¯ˇdi,H
−
a ,ub
− 1
2
8∑
a=1
2∑
b=1
B1
(
p2,m2
χ˜−b
,m2u˜a
)
ΓR∗¯ˇdj ,u˜a,χ˜−b
ΓR¯ˇdi,u˜a,χ˜−b
−
4∑
b=1
B1
(
p2,m2ub ,m
2
W−
)
ΓL∗¯ˇdj ,W−,ubΓ
L
¯ˇdi,W−,ub
(69)
Σd,Li,j (p
2) = Σd,Ri,j (p
2)
∣∣∣
(L↔R)
(70)
The full self-energies in the up-quark sector read now
Σu,Si,j (p
2) = B0
(
p2,m2db ,m
2
H−a
)
ΓL∗¯ˇuj ,H+a ,dbmdbΓ
R
¯ˇui,H
+
a ,db
+B0
(
p2,m2ub ,m
2
ha
)
ΓL∗¯uˇj ,ha,ubmubΓ
R
¯ˇui,ha,ub
+mχ˜−a B0
(
p2,m2
χ˜−a
,m2
d˜b
)
ΓL∗¯ˇuj , ¯˜χ−a ,d˜bΓ
R
¯ˇui, ¯˜χ
−
a ,d˜b
+muaB0
(
p2,m2ua ,m
2
A0b
)
ΓL∗¯ˇuj ,ua,A0bΓ
R
¯ˇui,ua,A0b
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+B0
(
p2,m2χ˜0b
,m2u˜a
)
ΓL∗¯ˇuj ,u˜a,χ˜0bmχ˜0bΓ
R
¯ˇui,u˜a,χ˜0b
+
4
3
mg˜B0
(
p2,m2g˜,m
2
u˜a
)
ΓL∗¯uˇj ,u˜a,g˜1Γ
R
¯ˇui,u˜a,g˜1
− 4
(
B0
(
p2,m2db ,m
2
W−
))
ΓR∗¯ˇuj ,W+,dbmdbΓ
L
¯ˇui,W+,db
− 16
3
B0
(
p2,m2ub , 0
)
ΓR∗¯ˇuj ,g,ubmubΓ
L
¯ˇui,g,ub
− 4B0
(
p2,m2ub , 0
)
ΓR∗¯ˇuj ,γ,ubmubΓ
L
¯ˇui,γ,ub
− 4B0
(
p2,m2ub ,m
2
Z
)
ΓR∗¯ˇuj ,Z,ubmubΓ
L
¯ˇui,Z,ub
(71)
Σu,Ri,j (p
2) = −1
2
B1
(
p2,m2db ,m
2
H−a
)
ΓR∗¯ˇuj ,H+a ,dbΓ
R
¯ˇui,H
+
a ,db
− 1
2
B1
(
p2,m2ub ,m
2
ha
)
ΓR∗¯ˇuj ,ha,ubΓ
R
¯ˇui,ha,ub
− 1
2
B1
(
p2,m2
χ˜−a
,m2
d˜b
)
ΓR∗¯ˇuj , ¯˜−χa,d˜bΓ
R
¯ˇui,
¯˜−χa,d˜b
− 1
2
B1
(
p2,m2ua ,m
2
A0b
)
ΓR∗¯ˇuj ,ua,A0bΓ
R
¯ˇui,ua,A0b
− 1
2
B1
(
p2,m2χ˜0b
,m2u˜a
)
ΓR∗¯ˇuj ,u˜a,χ˜0bΓ
R
¯ˇui,u˜a,χ˜0b
− 2
3
B1
(
p2,m2g˜,m
2
u˜a
)
ΓR∗¯ˇuj ,u˜a,g˜1Γ
R
¯ˇui,u˜a,g˜1
−B1
(
p2,m2db ,m
2
W−
)
ΓL∗¯uˇj ,W+,dbΓ
L
¯ˇui,W+,db
− 4
3
B1
(
p2,m2ub , 0
)
ΓL∗¯uˇj ,g,ubΓ
L
¯ˇui,g,ub
−B1
(
p2,m2ub , 0
)
ΓL∗¯uˇj ,γ,ubΓ
L
¯ˇui,γ,ub
−B1
(
p2,m2ub ,m
2
Z
)
ΓL∗¯uˇj ,Z,ubΓ
L
¯ˇui,Z,ub
(72)
Σu,Li,j (p
2) = Σu,Ri,j (p
2)
∣∣∣
(L↔R)
(73)
Because of the length of the expressions eqs. (71-73), the sums over internal generation
indices a and b are understood. All necessary vertices are listed in Appendix A 21. The
eigenvalues of m(1L)f (p
2
i ) must fulfill
Eig
[
m
(1L)
d (p
2 = m2di)
]
= (mDR,SMd ,m
DR,SM
s ,m
DR,SM
b ) (74)
Eig
[
m(1L)u (p
2 = m2ui)
]
= (mDR,SMu ,m
DR,SM
c ,m
DR,SM
t ,m
DR
t′ ) (75)
with the DR–masses taken from eqs. (61-63). In addition, the rotation matrices diagonaliz-
ing m(1L)d and m
(1L)
u are constrained by the measurement of the CKM matrix. One can use
these conditions and invert eq. (67) to get expressions for the tree-level mass matrices, which
are then used to calculated Y DRd and Y DRu . Since the self-energies depend on the Yukawa
matrices, the entire calculation has to be numerically iterated until a stable point is reached.
After the calculation of the gauge and Yukawa couplings at MZ is finished, the two-
loop RGEs shown in Appendix B are used to run the couplings up to MSUSY. Since in all
calculations the masses of the SUSY states at MZ are needed, also a two-loop running of all
parameters from MSUSY to MZ is done to get the running tree-level masses at MZ .
The effect of the threshold corrections on the running value of the top Yukawa coupling
(Y 33u ) at the SUSY scale as a function of Yt′ is shown in Fig. 3. We have used two different
1 the rotation matrices of the external states (marked as xˇ in the expressions for Σ) have to replaced by
the identity matrix since the corrections to the mass matrices are calculated
17
0.0 0.2 0.4 0.6 0.8 1.0
0.960
0.965
0.970
0.975
0.980
0.985
0.990
0.995
Yt′
Y
3
3
u
(M
S
U
S
Y
)
FIG. 3. Running top Yukawa coupling (Y 33u ) at the SUSY scale as function of Yt′ for two different
values of MT ′ : 1.0 TeV (blue) and 3.0 TeV (dotted red).
values of MT ′ : 1 and 3 TeV. In addition, we fixed tan β = 3 and all soft-masses to 1.5 TeV.
In total, this effect can be as large as a few percent and is larger for smaller MT ′ because
the t− t′ mixing becomes larger. This already gives an important change in the MSSM-like
corrections to the Higgs states which turn out to be of order of a few GeV, as we will see.
One might wonder why the values for the top Yukawa don’t agree for Yt′ = 0. The reason
is that the threshold corrections to g3 are always present and they depend on MT ′ , even if
other couplings of the vectorlike states are absent. This changes the prediction for g3 which
enters (i) the SM and MSSM part of the thresholds corrections, and (ii) the RGEs when
running from MZ to MSUSY.
0.2 0.4 0.6 0.8 1.0
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g
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FIG. 4. Absolute size |Vt′q| of the CKM entries between the vectorlike top states and the SM down
quarks q = u, s, b. The colour code is |Vt′d| (full blue), |Vt′s| (dotted red), and |Vt′b| (dashed green).
We fixed here MT ′ = 1 TeV.
While a study of flavour physics in this model is beyond the scope of this paper, we
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want to briefly comment on the expected effects. The CKM matrix in this model is a 4× 3
matrix and we adjust the Yukawa couplings Yd and Yu in our study in a way that the 3× 3
sub-matrix assigning the couplings between SM-quarks is in agreement with measurements.
The last column of the CKM matrix carries the elements Vt′q which define the size of the
flavour changing charged currents between the vectorlike top and the SM down-quarks. The
size of |Vt′q| is constrained by the measurements of flavour violating processes which are
known to a high precision and which are in agreement with SM predictions. In Ref. [111]
the following limits were derived at 3σ:
|Vt′d| < 0.01 , |Vt′s| < 0.01 , |Vt′b| < 0.27 (76)
We show the prediction of these elements as a function of Yt′ in Fig. 4 for MT ′ = 1 TeV.
One can see that the obtained values are well below the current bounds. The main reason
for this is that we assume Y 1t′ and Y 2t′ to vanish.
2. One-loop corrections
A generic one-loop calculation with SARAH and SPheno was introduced in Ref. [112]. The
procedure for this is as follows. First, all running tree-level parameters are calculated at
the SUSY scale. The gi (i = 1, 2, 3) and Yi (i = e, d, u) are obtained by running up the DR
values calculated at MZ , the Higgs soft-masses m2Hd and m
2
Hu
are derived from the tadpole
equations eqs. (39)–(40). Using these values all tree-level masses are obtained and δM2Z is
calculated. This quantity is needed to get the correct electroweak VEVs at the SUSY scale
from the Z-boson pole mass M2,poleZ and tan β via
vSUSY =
√
g21 + g
2
2
4
(M2,poleZ − δM2Z) , vd = vSUSY cos β , vu = vSUSY sin β (77)
With these values the tree-level masses are re-calculated and the calculation of the one-loop
corrections is started. Here, first the one-loop corrections δt(1)i to the tadpole equations Ti
are needed. The changes compared to the MSSM stemming from vectorlike tops are:
δu,u˜t
(1)
i = + 6
4∑
a=1
A0
(
m2ua
)
mua
(
ΓLφi,u¯a,ua + Γ
R
φi,u¯a,ua
)
− 3
8∑
a=1
A0
(
m2u˜a
)
Γφi,u˜∗a,u˜a (78)
with i = u, d. All other corrections are identical to the results of Ref. [55]. Afterwards,
we need the one-loop corrections to the scalar Higgs mass matrix. Here, the vectorlike top
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quarks contribute to the scalar self-energy Π(p2)
Πu,u˜ij (p
2) = −6
4∑
a=1
mua
4∑
b=1
B0
(
p2,m2ua ,m
2
ub
)
mub
(
ΓL∗φi,u¯a,ubΓ
R
φj ,u¯a,ub
+ ΓR∗φi,u¯a,ubΓ
L
φj ,u¯a,ub
)
− 3
8∑
a=1
A0
(
m2u˜a
)
Γφi,φj ,u˜∗a,u˜a + 3
8∑
a=1
8∑
b=1
B0
(
p2,m2u˜a ,m
2
u˜b
)
Γ∗φi,u˜∗a,u˜bΓφj ,u˜∗a,u˜b (79)
The necessary vertices to calculate δt,t′t(1) and Πt,t′(p2) are given in Appendix A 3. We can
now express the one-loop corrected mass matrix of the scalar Higgs by
m
2,(1L)
h (p
2) =m
2,(T )
h + Π
u,u˜(p2) +
 1vd δu,u˜t(1)d 0
0 1
vu
δu,u˜t
(1)
u

+ ΠMSSM
u,˜u
(p2) +
 1vd δMSSMu,˜u t(1)d 0
0 1
vu
δMSSM
u,˜u
t
(1)
u
 (80)
Here, ΠMSSM
u,˜u
and δMSSM
u,˜u
t
(1)
d,u are the MSSM results without any contributions from up
(s)quarks. The eigenvalues m2hi of m
2,(1L)
h correspond to the loop corrected Higgs masses.
Since, m2,(1L)h (p
2) is a function of the external momentum, this calculation is usually iterated
until a stable solution m2,(1L)h (m
2
hi
) for each eigenvalue is found.
Previously, the one-loop corrections in this model have been calculated in the effective
potential approach [46]. This calculation is equivalent to ours in the limit p2 → 0. Thus,
by checking this limit we can easily estimate the error introduced in these calculations by
that approximation. Since the additional fermions and the scalars are usually heavier than
the desired Higgs mass of 125 GeV, one can expect that the momentum effects are rather
moderate. However, before we discuss this in detail, we go one step further to the two-loop
corrections.
3. Two-loop corrections
It is very well known that two-loop corrections in the MSSM are crucial: they can give a
large push to the Higgs mass and are the only chance to get agreement between the Higgs
mass in the MSSM for moderate SUSY masses (< 2 TeV) and the measurement of about
125 GeV. This mass is out of reach only using one-loop corrections. This is not necessarily
the case for models with vectorlike quarks: if the new couplings to the SM-like Higgs are
large enough, even one-loop corrections might be sufficient to find a sufficiently large Higgs
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mass. Nevertheless, there are good reasons to consider also the two-loop corrections: to
be able to make any meaningful statement in the considered model if a point is excluded,
the difference to the measurement must be larger than the theoretical uncertainty. At one-
loop the theoretical uncertainty in the Higgs mass prediction can easily be 10 GeV or more,
i.e. it is not possible at all to restrict many regions of the parameter space by a one-loop
calculation. Of course, also the opposite might happen: points which are in good agreement
at one-loop can be ruled out by a two-loop calculation.
For this reason, we are going to give details about a two-loop calculation including the
dominant corrections. ’Dominant’ in this context means all contributions excluding those
of the electroweak gauge couplings g1 and g2. That’s the same precision which is also
usually considered for the MSSM. The remaining electroweak corrections, together with the
missing momentum dependence and the unknown higher-order corrections are estimated to a
remaining uncertainty of about 3 GeV. In the MSSM the most dominant two-loop corrections
ui
u˜j
g˜
ui
g
uj
u˜i
g
u˜j
u˜i
u˜j
FIG. 5. Two-loop diagrams giving contributions to the effective potential O(αtαs) and O(αt′αs).
Here, the indices of up-quark generations (ui) run from 1 to 4, and those of up-squark generations
(u˜i) from 1 to 8.
are those involving the strong coupling constant g3 because of large colour factors. The
diagrams which contribute in the MSSM are depicted in Fig. 5. In the model at hand with
vectorlike tops, the diagrams are actually the same but with a sum over a larger number
of (s)quark generations. The obtained corrections from these diagrams are O(αtαs) and
O(αt′αs) with αt = (Y 33u )2/4pi, αt′ = (Y 3t′ )2/4pi.
The next important contributions from the MSSM are those of O(α2t ). These come from
diagrams involving (s)tops and Higgs states respectively Higgsinos. Also here, the diagrams
shown in Fig. 6 are the same as in the MSSM, but the sums over (s)fermion generations
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d˜j
FIG. 6. Two-loop diagrams giving contributions to the effective potential O(α2t ), O(α2t′), and
O(αtαt′). Here, Φ0 = {h,H,G0, A0}, Φ± = {H±, G±}, Φ = {Φ0,Φ±}. The index ranges are:
Φ(1, 2); χ˜0(1− 4); χ˜±(1, 2); u(1− 4); d(1− 3); u˜(1− 8); d˜(1− 6).
are extended. These diagrams give contributions of the order O(α2t ), O(αt′αt) and O(α2t′).
Also the corrections O(αt(αb + ατ )) with αb = (Y 33d )2/(4pi), ατ = (Y 33τ )2/(4pi) are known
in the MSSM. Especially for moderate values of tan β these corrections are less impor-
tant. Nevertheless, in our calculations also these corrections together with the counterparts
O(αt′(αb + ατ )) are included.
SARAH and SPheno offer two possibilities to calculate the two-loop corrections to scalar
Higgs masses: either a purely effective potential calculation can be done. In that case, the
diagrams as shown in Figs. 5 and 6 are calculated to get V eff,(2L), and the derivatives of
the results with respect to the Higgs VEVs are taken to get the two-loop corrections to the
tadpoles and self-energies
δt
(2L)
i =
∂V eff,(2L)
∂vi
Π
(2L)
ij =
∂2V eff,(2L)
∂vi∂vj
(81)
However, this involves a numerical derivation which sometimes suffers from numerical prob-
lems and rather large uncertainties. Thus, the second method implemented in SARAH and
SPheno is often the preferred one: this method employs a diagrammatic calculation where
the external Higgs legs explicitly show up. Even if this leads to a much bigger set of two-loop
diagrams, the calculation is not necessarily slower. All diagrams are evaluated in the limit
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p2 → 0, i.e. the results give equivalent results for δt(2L)i and Π(2Lij as the first method does.
Given the two-loop corrections, the loop-corrected Higgs mass can be expressed by
m
2,(2L)
h (p
2) = m
2,(T )
h + Π
(1L)(p2) + Π(2L)(0)−
 1vd (δt(1L)d + δt(2L)d ) 0
0 1
vu
(δt
(1L)
u + δt
(2L)
u )
 (82)
Here, we have no longer distinguished between corrections involving vectorlike tops or not,
but used Π(XL) and δt(XL) for the sum of all contributions. The eigenvalues m2hi fulfilling
Eig(m2,(2L)h (m
2
hi
)) = m2hi are associated with the scalar pole masses. In the following, the
smaller value m2h1 corresponds to the SM-like Higgs boson and we are going to use the short
notation mh ≡
√
m2h1 for it.
Before we turn to the full calculation, we want to discuss briefly the importance of the
different contributions at two-loop. For this purpose we depict in Fig. 7 the different two-loop
contributions to the Higgs mass matrix:
Π¯ij ≡ Π(2L)ij − δij
1
vi
δt
(2L)
i i = d, u (83)
It turns out that the corrections O(αt′αb) are negligible. The corrections O(αt′ατ ) are even
much smaller and therefore not shown in Fig. 7. We consider here two different cases:
vanishing Tt′ and Tt′ = 2000 GeV · Yt′ . In both cases we find that the most dominant
contributions are those involving the strong interaction what’s similar to the MSSM. The
next important ones are those O(αt′αt), while the O(α2t′) contributions are moderately small.
Here, the difference compared to the MSSM corrections O(αsαt) and O(α2t ) which often
cancel to some extent, is that here the contributions come with the same sign. We also
see that for most contributions the impact on the (1,1) element is the largest one, i.e. the
dominant part of these contributions come from F -terms ' µYt′ . Thus, the new two-loop
corrections are expected to be more important for parameter regions where the light Higgs
has a larger Hd fraction. The main differences between the cases of vanishing and non-
vanishing Tt′ is that the corrections involving the strong interaction to (1,1) become smaller,
while those to the (2,2) increase. Also the O(αt′αt) contributions to the (2,2) are enhanced.
Thus, another region where the new two-loop corrections are expected to become important
are those with large trilinear soft-terms Tt′ .
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FIG. 7. Two-loop contributions the Higgs mass matrix involving vectorlike (s)quark. We used here
MT ′ = 1.0 TeV and put all soft-mass terms to 1.5 TeV. On the left, we set Tt′ = 0, on the right
Tt′ = 2.0 TeV · Yt′ . Dashed lines are for the (1,1) element, full lines for the (2,2) one, and dotted
lines for the off-diagonal contribution. In the first three rows we plot the individual contributions
O(α2t′), O(αt′αt), O(αt′αS), while the last row shows the sum of all contributions.
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IV. RESULTS – PART I: THE HIGGS MASS
Before we turn to our main results, namely the discussion of the fine-tuning in the UV
complete model, we want to discuss the importance of the different Higgs mass corrections
we have included. For this reason we consider first the minimal model with the MSSM
extended by vector-like tops only. To deal with the large number of free parameters at the
SUSY scale when not considering an UV embedding, we make the following assumptions
about the MSSM soft masses:
m2u˜ = m
2
q˜ = m
2
d˜
= m2e˜ = m
2
l˜
= 1 · (1.5TeV)2
M1 = 0.5 TeV , M2 = 1.0 TeV , M3 = 2.0 TeV
Tu = Td = Te = 0
Moreover, we fix usually the MSSM parameters
µ = 1.0 TeV , M2A = (1 TeV)2
and for the new sector we assume if not stated otherwise
Tt′ = mt = Bt = 0
m2
t˜′ = m
2
˜¯t′
= (1.5 TeV)2
In addition, the most important SM parameters were chosen as
αMSS (MZ) = 0.1180 , m
MS
b (mb) = 4.2 GeV , m
pole
t = 173.2 GeV
As already mentioned we employ the combination of the computer tools SPheno and SARAH
for all numerical calculations: we have implemented the minimal model with vectorlike tops
as well as the UV complete variant in SARAH version 4.5.3 and the model files will become
public with the next release of SARAH. SARAH was used to generate Fortran code for SPheno.
The obtained Fortran routines include automatically all new features from vectorlike stops
discussed in the last sections which are necessary for the precise Higgs mass calculation. Also
routines for the calculation of flavour observables and decays widths are generated by SARAH.
However, we will not go into details in these aspects of this model here. We are just using
the FlavorKit results [113] to double check that all points are in agreement with current
bounds from flavour observables. This is, of course, expected as we already discussed in
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sec. III B 1. The Fortran code written by SARAH was compiled together with SPheno version
3.3.6. For all parameter scans in the following we have used the Mathematica package SSP
[114].
A. The difference between one-loop effective potential, full one-loop and two-loop
We check the importance of the corrections calculated here for the first time. For this
purpose we compare in Figs. 8 – 10 the prediction for the Higgs mass calculated
(i) at one-loop with vanishing external momenta but including thresholds,
(ii) at one-loop with full momentum dependence but neglecting the threshold corrections
to SM gauge and Yukawa couplings,
(iii) at full one-loop including the full momentum dependence and all threshold corrections,
(iv) at full one-loop with dominant two-loop corrections.
The one-loop calculation without external momenta is equivalent to the calculation per-
formed in the effective potential approach. For all three Figures we have put MT ′ = 1 TeV.
In Fig. 8 we compare the results for two different values of tan β: 2 and 10. While there is
a large difference already at tree-level, the impact of the loop corrections is similar for both
values of tan β. Thus, we find that mh ' 125 GeV is found for Yt′ ∼ 0.9 (0.6) for tan β = 2
(10). Including the momentum dependence in the one-loop calculation of the vectorlike
states can account for changes up to 2 GeV for large Yt′ and are negative. In contrast, for
the considered scenario the two-loop corrections are of a similar size, but positive. However,
the biggest difference are caused by the threshold corrections. Since these can have a large
impact on the top Yukawa couplings, we find that the prediction of the SM-like Higgs mass
can deviate by up to 5 GeV. This effect is more pronounced for smaller tan β. Note, even
in the limit Yt′ → 0, we find a shift by about 1 GeV compared to the calculation using
only MSSM results. The reason is that the threshold corrections to g3 don’t vanish even
in this limit. Therefore, the running value of the top Yukawa coupling entering the loop
calculations changes slightly, which has still a visible effect on the Higgs mass. The absolute
size of the one-loop corrections can grow up to 30 GeV for both values of tan β, while the
two-loop corrections are smaller by about a factor of 10. When we compare these numbers
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FIG. 8. Top left: light Higgs mass as function of Yt′ . The red line corresponds to the effec-
tive potential calculation at one-loop, orange is the one-loop corrections with external momenta
but neglecting the new threshold correction stemming from vectorlike states, blue is the full one-
loop calculation including the momentum dependence and all thresholds, and green includes the
dominant two-loop corrections together with the full one-loop correction. Top right: impact of
the threshold corrections (red), the momentum dependence at one-loop (orange) and the two-loop
corrections (green), given as the difference ∆mh = mh − mh(1L, p2 6= 0, all thresholds). Bottom
left: absolute size of the one- (blue) and two-loop (green) corrections stemming from the vectorlike
states. Note, for better readability we re-scaled the two-loop corrections by a factor of 10. Bottom
right: relative importance of the one- (blue) and two-loop (green) corrections normalized to the
size of the purely MSSM-like corrections. The full lines are for tanβ = 10 and the dotted one are
for tanβ = 2. We used here MT ′ = 1.0 TeV, BT ′ = 0.
with the purely MSSM corrections, we see that the one-loop corrections can become as
important as the MSSM ones, while the two-loop corrections can reach about half the size
of the MSSM two-loop corrections.
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FIG. 9. The plots show the same results as in Fig. 8 when including non-vanishing Tt′ . We used
Tt′ = 2.0 TeV · Yt′ , tanβ = 5 and Tu,33 = −2500 GeV. The full lines are for BT ′ = 0, while the
dotted ones correspond to BT ′ = (1.5 TeV)2.
We have identified in sec. III B 3 two regions where the new two-loop corrections are
expected to be even more important. The first region is the one with non-vanishing Tt′ .
This is studied in Fig. 9 where we set Tt′ = 2000 GeV · Yt′ . In addition, we check also the
effect of BT ′ . For BT ′ = 0 the differences to the results with Tt′ = 0 are not very large: the
corrections from the momentum dependence and the two-loop terms are of the same size
and come with different signs. The largest effect is again from the threshold corrections.
However, if BT ′ becomes large and causes a mass splitting for the vectorlike stops, the picture
changes. Now, the most important effect comes from the two-loop corrections which can
become as important as the MSSM ones. For Yt′ values of O(1) this can reduce the Higgs
mass prediction by more than 10 GeV and easily over-compensate the two-loop corrections
from the MSSM sector.
The other region we identified where the two-loop corrections can be important is the
one where the SM-like Higgs has a larger down-type fraction. This happens if M2A becomes
small. We discuss this case in Fig. 10 for zero and non-zero BT ′ again. In particular for the
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FIG. 10. The plots show the same results as in Fig. 8 for smaller M2A = 10
5 GeV2. We put
Tt′ = Tu = 0, and tanβ = 3. The dashed lines are for BT ′ = 0, while the full ones correspond to
BT ′ = (1.5 TeV)2.
large BT ′ the two-loop contributions can clearly make the biggest effect compared to the
incomplete calculations used so far. These are again negative and can reduce the SM-like
Higgs mass by up to 8 GeV. Thus, while it seems that one can reach the preferred mass of
125 GeV at one-loop with Yt′ < 1, with the two-loop corrections this is not possible for the
considered combination of parameters. Although if BT ′ is taken to be zero, the effect can
still be large and the overall size of the new two-loop corrections is still in the ballpark of
the MSSM corrections.
B. Dependence on the vectorlike masses, stop masses, and the gaugino mass
As a next step we want to understand the dependence of the loop corrections on the
involved masses a bit more. We start with the dependence on the vectorlike mass parameter
MT ′ and BT ′ and show in Fig. 11 the Higgs mass at the one- and two-loop level. At one-
loop we have the well-known picture that the corrections quickly decrease with increasing
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FIG. 11. Contour lines of constant mh at one- (left) and two-loop (middle) in the (MT ′ ,mt˜′) plane.
The plots on the right column show the size of the two-loop corrections involving vectorlike states.
The plots in the first row are for Yt′ = 1.0 with Tt′ = 0 and in the second for Yt′ = 0.7 with
Tt′ = 1400 GeV .
mass of the vectorlike states, while the dependence on BT ′ is small and just shows up for
smallish MT ′ of 1 TeV and smaller and large |BT ′ | > 2.0 TeV2 for Yt′ = 1.0 and Tt′ = 0.
This general picture does, of course, not change at two-loop but we find a shift by several
GeV usually dominated by the MSSM-like corrections. The two-loop corrections from the
vectorlike states are singled out in the right column of Fig. 11. They don’t show this strong
MT ′ dependence as the one-loop corrections do, and actually slightly increase with larger
MT ′ . Also the dependence on BT ′ is more pronounced at two-loop. If we go for smaller Yt′
and turn on Tt′ the one-loop corrections in total become smaller and are less dependent on
BT ′ . However, the sensitivity at two-loop and MT ′ and BT ′ is nearly the same, but just the
total size of the corrections decreases.
We have so far just concentrated on the dependence of the Higgs mass corrections on
the new parameters absent in the MSSM. We want to finalize our discussion of the loop
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FIG. 12. On the left: the light Higgs mass mh as function of Yt′ . Here, we used different values
for M3: 1 TeV (red), 2 TeV (blue), 3 TeV (green), 4 TeV (orange). The full lines are the two-loop
results, the dotted ones the one-loop. On the right the absolute size of the one- (blue) and two-loop
(green) corrections involving vectorlike states. The line coding is dashed, dotted, dot-dashed, full
for increasing M3.
corrections by also briefly commenting on the impact of at least two MSSM parameters: the
gluino mass parameter M3 and the soft-mass for the left-handed stop, mq,33. We start with
the dependence on the gluino mass shown in Fig. 12. Here, we vary Yt′ and use gluino masses
between 1 and 4 TeV. At the one-loop level there is of course just a tiny impact on the Higgs
mass. The small difference comes from SUSY threshold corrections. For MT ′ = 1.5 TeV and
3.0 TeV we find that with increasing M3 the two-loop corrections O(αSαt′) become larger.
Since they are negative, the prediction for mh becomes smaller. However, for large MT ′ the
dominance of the corrections O(α2t′) is so large that this effect nearly doesn’t play any role.
Finally, we check the impact of the soft-masses for the left-handed stops. The one- and
two-loop corrections as function of Yt′ and mq˜,33 = 1, 2, 3, 4 TeV are summarized in Fig. 13.
We see that this parameter plays an important role at one-and two-loop: at one-loop, the
corrections increase by a factor 2 when going from 1 to 4 TeV. At two-loop this effect is
even more important and the corrections change by nearly a factor of 3. Interestingly, the
one-loop corrections are larger for larger squark soft-terms, while the two-loop corrections
increase with decreasing squark masses.
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FIG. 13. On the left: the light Higgs mass mh as function of Yt′ . Here, we used different values
for mq,33: 1 TeV (red), 2 TeV (blue), 3 TeV (green), 4 TeV (orange). The full lines are the two-
loop results, the dotted ones the one-loop. On the right the absolute size of the one- (blue) and
two-loop (green) corrections involving vectorlike states is shown. The line coding is dashed, dotted,
dot-dashed, full for increasing mq,33.
V. RESULTS – PART II: THE FINE-TUNING IN GAUGE MEDIATED SUSY
BREAKING
We now turn to the consequence of the loop corrections for the fine-tuning in minimal
GMSB. The intrinsic problem of minimal GMSB in the MSSM is that it predicts very small
trilinear couplings. Thus, the only chance to enhance the Higgs mass via loop corrections
is to go to very large values of Λ and M to get sufficiently heavy stops. When calculating
the fine-tuning for this setup and demanding mh ' 125 GeV, one finds that the fine-tuning
∆ is well above 1000. Of course, in the presence of large loop corrections due to vectorlike
states, the need of superheavy stops is relaxed and the fine-tuning is expected to improve.
We show in Fig. 14 the fine-tuning in the (tan β, Yt′) plane for different constraints for the
Higgs mass within the theoretical uncertainty: (i) mh = 122 GeV, (ii) mh = 125 GeV, (iii)
mh = 128 GeV. For the vectorlike states, masses of 500 and 1000 GeV were used at the
messenger scale.
One finds that the fine-tuning quickly drops with increasing Yt′ because lighter SUSY
states are sufficient to push the Higgs mass to the desired level. For very large Yt′ of O(1)
and the looser constraint of mh > 122 GeV, even a fine-tuning of about 100 seems possible.
There is also another, very interesting observation: even for Yt′ = 0 the fine-tuning in
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FIG. 14. Contours of overall fine-tuning ∆ in the (tanβ, Yt′)-plane demanding a Higgs mass mh =
128 GeV (top), mh = 125 GeV (middle), and mh = 122 GeV (bottom) for the UV complete
variant of the model. We fixed here M = 107 GeV and MV ′ = 0.5 TeV (left column), respectively,
MV ′ = 1.0 TeV (right column). The red dashed lines indicate the gluino mass in GeV.
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this model is not as bad as one expects it from the MSSM. The reason is that the strong
interaction at the messenger scale is larger compared to MSSM expectations because of the
different running. Therefore, for the same value of Λ, the squarks are already significantly
heavier and lead to larger Higgs mass corrections.
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FIG. 15. Minimal fine-tuning for given Higgs mass mh and gluino mass mg˜. We fixed here M =
107 GeV and MT ′ = 1 TeV and scanned over tanβ, Yt′ and Λ.
However, including the bounds from direct SUSY searches has a large impact: the points
with a small fine-tuning are excluded because of the light gluino mass. That’s completely
different to the GMSB variant of the MSSM where the Higgs mass pushes the fine-tuning of
the model to higher values. In this model, the vanishing trilinear couplings at the messenger
scale just play a subdominant role concerning the fine-tuning, but the gluino mass demands
a larger SUSY scale Λ, which increases the fine-tuning. The situation wouldn’t change if we
go to larger Messenger masses to increase the running because the one-loop β-function of
M3 vanishes in this model and the mass is actually slightly decreasing with increasing M .
Moreover, it’s a general feature of GMSB that the gaugino masses are not very sensitive to
the messenger scale because the leading dependence in the RGE running always drops out.
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The running gaugino mass at the SUSY scale is related to the one at the messenger scale
by the ratio of the corresponding gauge coupling at both scales:
Mi(Q) = Mi(M)
g2i (Q)
g2i (M)
= g2i (Q)ΛG (84)
We show the minimal fine-tuning in the (mg˜,mh) plane in Fig. 15. It is interesting that the
fine-tuning for mh = 125 GeV can be smaller than for mh = 122 GeV and mh = 128 GeV
when the gluino mass is sufficiently large.
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FIG. 16. Contours of the overall fine-tuning ∆ (left) and the mass of the lightest up-squark (right,
full blue lines) and gluino (right, dashed red lines) in the (tanβ, Yt′)-plane demanding a Higgs mass
mh > 122 GeV for the variant of the model without spectator fields. We fixed here M = 107 GeV.
For very large Yt′ where the FT becomes the best, the theory is not perturbative up to the
GUT scale. Since there is a cut-off anyway in the theory, there is no real need to maintain
gauge coupling unification by adding the spectator fields at the SUSY scale. Therefore, one
might wonder what the FT of the minimal model is. This is depicted in Fig. 16. In this
setup, the squarks are lighter for the same values of M and Λ because of the smaller strong
coupling at the messenger scale. Thus, in general larger Λ is needed to increase the Higgs
mass. This leads also to larger gluino masses. This is shown in Fig. 17 where we compare
the minimal value of Λ to get a Higgs mass larger than 122 GeV in the (tan β, Yt′) plane for
a messenger scale of again 107 GeV, and the resulting stop and gluino masses triggered by
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FIG. 17. Contours of constant Λ (black), the lightest top-squark mass (right, full blue lines)
and gluino mass (right, dashed red lines) in the (tanβ, Yt′)-plane demanding a Higgs mass mh >
122 GeV. All contours are given in units of TeV. On the left for the UV complete model, on the
right for the model with only vectorlike tops. We fixed here M = 107 GeV.
this Λ. We find for the minimal model the following fine-tuning
∆ ' (230, 275, 320, 380) (85)
for mg˜ > (1000, 1200, 1400, 1600) GeV and mh > 122 GeV.
VI. CONCLUSION
We discussed the loop corrections to the light Higgs mass in the MSSM extended by a
pair of vectorlike top quarks. We have improved previous calculations in literature in three
respects: (i) we included the additional threshold corrections from the vectorlike states to
SM gauge and Yukawa couplings, (ii) we added the full momentum dependence at the one-
loop level, (iii) we calculated all dominant (i.e. excluding electroweak) two-loop corrections
in the effective potential approach. It has been shown that the momentum effects can be
sizeable and change the Higgs mass prediction by a few GeV. The effect from the threshold
corrections turns out to be often more important. The importance of the two-loop corrections
strongly depends on the considered parameter point. They are often a bit smaller than the
36
two-loop corrections known from the MSSM, but we also identified regions where they can
be even larger. In these regions, the additional two-loop corrections can change the Higgs
mass prediction by up to 10 GeV. We checked the impact of the presence of vectorlike
states on the fine-tuning in GMSB. For this purpose, we extended the model by additional
vectorlike quarks and leptons to have complete multiplets of SU(5). We found that the
fine-tuning can be reduced significantly compared to minimal GMSB with only the MSSM
particle content. Often, those regions with the best fine-tuning which are in agreement with
the Higgs mass measurement are ruled out by gluino searches. Interestingly, we find that
for heavy gluino masses the fine-tuning for heavier Higgs masses can be even better. In
particular, for mg˜ ' 1400 GeV, the best fine-tuning is found for a Higgs mass of roughly
125 GeV.
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Appendix A: Vertices
1. Vector boson Vertices with vectorlike (s)tops
Γu˜iαd˜∗jβW
−
µ
= − i 1√
2
g2δαβ
3∑
a=1
ZU,∗ia Z
D
ja (A1)
Γu˜iαu˜∗jβZµ = −
i
6
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U
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U
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ΓL¯diαujβW−µ = − i
1√
2
g2δαβ
3∑
a=1
Uu,∗L,jaU
d
L,ia (A3)
ΓR¯diαujβW−µ = 0 (A4)
37
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2. Quark vertices involving vectorlike (s)tops
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3. Higgs Vertices with vectorlike (s)tops
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Appendix B: Renormalization Group Equations
We give in the following the two-loop RGEs for the considered model. In general, the
RGEs for a parameter X are defined by
d
dt
X =
1
16pi2
β
(1)
X +
1
(16pi2)
β
(2)
X (B1)
Here, t = log (Q/M), with Q the renormalization scale and M a reference scale. For a
parameter x present in the MSSM we show only the difference with respect to the MSSM
RGEs
∆β(n)x ≡ β(n)x − β(n),MSSMx (B2)
Where β(n)x refers to the minimal model with vectorlike top quarks discussed here. The
additional difference to the UV complete version of the model is given as
∆UV β(n)x ≡ β(n),UVx − β(n)x (B3)
The calculation of the RGEs in SARAH is based on generic expressions given in Refs. [115–
120]
1. Gauge Couplings
∆β(1)g1 =
8
5
g31 (B4)
∆UV β(1)g1 =
7
5
g31 (B5)
∆β(2)g1 =
2
75
g31
(
− 195
(
Yt′Y
∗
t′
)
+ 64
(
5g23 + g
2
1
))
(B6)
∆UV β(2)g1 =
1
75
g31
(
217g21 + 45g
2
2 + 80g
2
3
)
(B7)
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∆β(1)g2 = 0 (B8)
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2. Gaugino Mass Parameters
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3. Trilinear Superpotential Parameters
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4. Bilinear Superpotential Parameters
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